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Abstract. Star clusters are subject to density irregularities in their host
galaxy, such as giant molecular clouds (GMCs), the galactic disc and spiral
arms, which are largely ignored in present day (N -body) simulations of cluster
evolution. Time dependent external potentials give rise to tidal forces that
accelerate stars leading to an expansion and more rapid dissolution of the cluster.
I explain the basic principles of this tidal heating in the impulse approximation
and show how related disruption time-scales depend on properties of the cluster.
1. Tidal heating, how does it work?
Assume a cluster and a moving perturbing object (GMC, spiral arm, disc, etc.)
with relative separation and velocity X and V , respectively. The acceleration
due to the perturber is referred to as g(X). The tidal acceleration (at) on a star
at a distance x from the cluster centre can be obtained by linearising g(X):
at =
dvx
dt
= g(X + x)− g(X) ≃ x
dg
dX
. (1)
The total velocity increase (∆vx) of the star after the perturbation can be ob-
tained by substituting dX = V dt and integrating Eq. 1. If the time it takes the
perturber to pass the cluster is much shorter than the crossing time of stars in
the cluster, x can be assumed constant. This is referred to as the impulsive ap-
proximation. The resulting ∆vx then simply scales with x, V and the maximum
acceleration (gm) as: ∆vx ∝ x gm/V . The total kinetic energy gain per unit of
cluster mass (∆E) can then be written as
∆E =
1
2
|∆vx
2| ∝
gm
2 r¯2
V 2
, (2)
where we used that the mean-square position of stars (r¯2) is r¯2 = 3x¯2. Eq. 2
shows that ∆E is large for slow perturbations on large clusters.
For passing point masses gm = GM/p
2, with G the gravitational con-
stant, M the mass of the perturber and p the distance of closest approach (see
Gieles et al. 2006b for the exact definition of Eq. 2, taking into account an ex-
tended density profile for a GMC). For a one-dimensional density perturbation,
such as the perpendicular crossing of a galactic disc and, to lesser extend, the
crossing of a spiral arm, gm ∝ GHρ0, with H the scale height/length and ρ0 the
central density. For more details see Spitzer (1987) and references therein.
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2. From energy gain to mass loss
A single tidal perturbation can accelerate stars to velocities much higher than
the escape velocity. This overkill energy can not be used to unbind more stars
and is lost with the escaping stars. For this reason, the fractional mass loss
(∆M/Mc, with Mc the cluster mass) is lower than the fractional energy gain
(∆E/|Ec|, with ∆E from Eq. 2 and Ec the cluster energy per unit mass), by a
factor f , with 3 . f . 5 (Gieles et al. 2006a,b). With this and the definition of
Ec (Ec = ηGMc/rh, with rh the cluster half-mass radius and η ≃ 0.2, depending
on the cluster density profile), we can write ∆M as
∆M =
Mc
f
∆E
|Ec|
∝Mcr¯2
rh
Mc
∝ rh
3, (3)
where we used Eq. 2 and r¯2 = Crh
2, with 1.5 . C . 3.5, depending on the clus-
ter density profile. The statistical mean mass loss per unit time (M˙c) is defined
as M˙c ≡ ∆M/∆t, where ∆t for GMC encounters is the time between successive
encounters and depends on the GMC density (ρGMC) as ∆t ∝ ρGMC
−1. Note
that ∆M and M˙c due to external perturbations are independent of cluster mass.
3. From mass loss to disruption time
Defining the cluster disruption time (tdis) as tdis =Mc/M˙c (Lamers et al. 2005),
we can write (for GMC encounters)
tdis =Mc/M˙c ∝
Mc
rh3
ρGMC
−1 ∝ ρc ρGMC
−1. (4)
From observations of clusters in different galaxies, Boutloukos & Lamers (2003)
found that tdis ∝Mc
γ , with γ ≃ 0.6. The same value for γ was found in N -body
simulations of clusters dissolving in a galactic tidal field (Baumgardt & Makino
2003), however, their tdis values are much longer than the observed ones. Larsen
(2004) recently found that rh ∝ Mc
0.1, which implies ρc ∝ Mc
0.7 and hence
tdis ∝Mc
0.7 (Eq. 4). The fact that tdis due to the Galactic tidal field and due to
the tidal perturbations depend on Mc in almost the same way can explain why
the values of γ derived from observations of clusters in different galaxies are so
similar (Boutloukos & Lamers 2003), while tdis varies by almost two orders of
magnitude (Lamers, Gieles, & Portegies Zwart 2005b).
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